Abstract-As very large scale integration (VLSI) circuit speed rapidly increases, the inductive effects of interconnect lines strongly impact the signal integrity of a circuit. Since these inductive effects make the signal integrity problems much more serious as well as intricate, they become one of the critical issues in today's high-speed/high-density VLSI circuit design. In this paper, a generalized traveling-wave-based waveform approximation (TWA) technique is presented which can be accurately as well as efficiently employed for the signal integrity verification of the inductively dominated (moderate Q) multicoupled RLC transmission line system. The technique is composed of three steps. First, the signals in the multicoupled ( -coupled) transmission line system are decoupled into -isolated eigen-modes (i.e., basis vectors). Next, the slow-transient low-frequency characteristics of the system response are determined, approximately, in the frequency-domain by using the dominant poles of the basis vectors. Finally, the fast-transient high-frequency characteristics of the system response are calculated in the time domain by using the traveling wave characteristics of the basis vectors. It is shown that the time-domain responses of the multicoupled RLC transmission line system can be accurately as well as efficiently modeled with the generalized TWA technique. Then, in inductance-dominant multicoupled interconnect networks, switching-dependent signal integrity, i.e., signal delay, crosstalk, ringing, and glitches are investigated extensively with the proposed technique.
I. INTRODUCTION
Today's very large scale integration (VLSI) circuits integrate myriad logic gates into a single silicon chip and their operating clock speeds already exceed several gigahertz. The high level of the integration of VLSI circuits gives rise to serious signal integrity problems due to the interconnect lines. Longer interconnect lines lead to significant timing uncertainty and tighter spacing between the lines causing more substantial electromagnetic coupling, i.e., crosstalk [1] , [2] . Further, the electrical lengths of interconnect lines become a significant fraction of the transient signal's fundamental and harmonic frequency wavelength. Including transmission line effects becomes important in order to improve simulation accuracy [3] , [4] . What is worse, the inductive effects of the interconnect lines become more prominent as the circuit speed increases [4] - [6] . Inductive effects make the signal integrity problems much more serious as well as intricate. Thus, future VLSI system designers may be victims of unexpectedly complicated signal integrity problems due to the inductance-dominant transmission lines.
Signal integrity degradation of the VLSI system due to the interconnect lines is strongly correlated with the layout configurations, the circuit switching conditions, and termination conditions [7] . Moreover, the generic interconnect networks are too complicated to efficiently verify the signal integrity of the complicated VLSI interconnect network. Thus, the interconnect system has been, in general, modeled as a multicoupled transmission line system [3] , [8] - [17] which includes nonlinear devices and frequency-dependent transmission line parameters. However, there is a generic conflict in the modeling between the driver characteristics and interconnect characteristics [3] . That is, time-dependent nonlinear device characteristics can be well characterized in the time domain while frequency-dependent transmission line characteristics are best characterized in the frequency domain. In order to accurately investigate the transmission line characteristics including the nonlinear or frequency-dependent characteristics, the system response has to be calculated at every frequency step or time step. To this date, many clever techniques concerned with the signal transient analysis of the general multicoupled transmission line system have been developed. Basically, there have been four representative techniques to characterize the general multicoupled transmission line systems: (1) a SPICE-like circuit segment-model [18] , which requires a huge computation time due to extra nodes and branches; (2) convolution techniques [16] , [17] , which also need huge computation time due to numerical integration; (3) state-based approach [12] ; and (4) waveform relaxation techniques [13] - [15] , which are more efficient in computation time than the first two techniques. However, it is known that the last two approaches may not be suitable to handle fast-varying signals [3] . Although a recursive convolution algorithm [3] or improved waveform relaxation techniques [13] - [15] can improve the computation time, it may not be fast enough for today's IC CAD tools since it still includes numerical integration algorithms. Traditional numerical integration algorithms (very accurate) may not be practical and not efficient enough for the signal integrity verification of complicated VLSI circuits, since they require huge amounts of computation time. Fast transient-signal analysis algorithms and closed-form models which preserve the accuracy within allowable bounds are highly desirable for efficient signal integrity verification. Clearly, there exists a tradeoff between accurate simulation and fast simulation.
In order to avoid computationally inefficient numerical integration, by assuming linear device models and frequency-independent transmission line parameters, many model order reduction techniques such as asymptotic waveform evaluation (AWE) or similar rational-function-based model order reduction techniques were developed [19] - [27] . Note, the linear device and constant transmission line approach that are assumed in the fast simulation algorithms can be considered to be conservative assumptions for signal integrity verification owing to the following reasons. First, wire resistance remains constant for moderate frequencies although skin effect increases the resistance at very high frequency. In general, the skin effect tends to suppress signal spikes (which have very high-frequency components). Second, since the inductance for a wire is reduced at high frequency, inductive effects are overestimated for high-frequency components. Third, nonlinear devices can have larger output impedance (inverse of slope of the I-V output curve) as input signal increases. That means the sharp input edge rate becomes blunt a bit [27] . Thus, nonlinear crosstalk tends to be smaller than that estimated with linear device assumption.
Previously reported fast-simulation techniques are, in general, very powerful for the timing verification of RC-dominant integrated circuit interconnect networks. However, they may not be stable or computationally efficient for fast-transient signal simulations of the inductance-dominant multicoupled transmission line system [5] . Further, it is inherently very difficult to find the closed-form solution for timing and noise models with these techniques. Recently, Ismail et al. developed a very good timing model which can be usefully employed for resistance/inductance/capatance (RLC) tree structure interconnect networks [28] . However, it may not be employed for the strongly coupled RLC-line system. [32] is focused only on the timing verification of a single isolated line, the signal integrity such as coupling effects (i.e., crosstalk) and switching-pattern-dependency effects due to multiple lines could not be investigated. In this work, the original TWA technique is generalized for the signal integrity verification (i.e., delay, crosstalk, glitch, ringing, and switching-dependency) of multicoupled RLC transmission line systems, taking all the aforementioned effects into account. Then, it is shown that the signal integrity of the multicoupled interconnect lines can be readily investigated with this generalized TWA-technique. The details of the algorithm are discussed in the ensuing sections.
II. SIGNAL TRANSIENT CHARACTERIZATION WITH TWA TECHNIQUE
The incident power of a transmitted signal in a distributed circuit is not completely consumed in a load without an impedance match as in the case of high-speed CMOS circuits. When the load does not absorb power, the undissipated power is reflected back toward the source. The reflection of the incident wave occurs momentarily in the impedance discontinuity (i.e., Z o 6 = Z L ). The output waveform (v o (t)) of the circuit of Fig. 1 changes abruptly with the discontinuity. That clearly implies the system has high-frequency eigenvalues (i.e., poles) which are associated with the system energy spectrum. Thus, the time-domain responses of the interconnect lines definitely include low-frequency eigenvalues as well as high-frequency eigenvalues. In the TWA, the low-frequency characteristics are modeled in the frequencydomain with three-pole approximation technique. In contrast, the fast-varying transients are modeled by exploiting the time-domain traveling-wave characteristics without resorting to the high-frequency poles. Thereby, the complete analytical time-domain responses are accurately determined [32] .
In the frequency-domain, the system function of a single transmission line with a capacitive load is represented by [33] , [34] 
where
= (R + sL) sC, Z0 = (R + sL)=sC, ZL = 1=(sCL). Unlike timing verification, crosstalk noises may be substantial at both the near end and the far end. Thus, the transfer function has to be separately modeled in the far end and near end as follows:
H(s; x = 0)
Note, it is not efficient to directly transform these frequency domain functions into the time domain since that requires time-consuming numerical integration. In order to overcome this problem, the Pade approximation technique has been frequently employed in investigations. However, Pade-based multipole approximation techniques may not be stable in inductance-dominant lines [5] . Note, a reflecting traveling wave (the overall wave can become a staircase of increasing or of decreasing step pulses passing a point) experiences a fast-time-varying transient when it reflects from a discontinuity. In contrast, until the next reflection, it is slowly transient toward a steady state. In the TWA technique, the slow-transient characteristics are approximated in the frequency domain with a finite number of poles and the fast-transient characteristics are incorporated in the time domain by utilizing the traveling wave characteristics and an RC-response-like waveform approximation technique.
In the frequency domain, although the two-pole approximation may be accurate enough for a capacitance-dominated system, it is not really sufficient for an RLC transmission line with moderate inductance. On the contrary, it is very difficult to solve the more than a third-order equation in an analytical manner. Therefore, the frequency domain system functions are approximated with three poles. With the first three dominant poles, the far-end system function is approximated by H far ( 
can be directly determined without any integral calculation. Note that (7) does not incorporate the high-frequency characteristics (i.e., fasttransient characteristics) which will be considered in the time-domain. That is, the high-frequency characteristics of the transient signal are incorporated into the approximation function by utilizing the traveling wave characteristics and a modified-RC-response approximation technique in the time domain as follows. Right before the first incident wave arrives at the load, the time of the flight of a wave is given by 
The denotes the time difference between the flight time of the pure (unloaded) line and that of the line including the loading effect. It can be assumed that the signal with multiple reflections will reach the load at roughly (2n 0 1) t fo 0 , where n = 1; 2; 3; . . . (note, n is the reflection count). Thus, until t = t 0 f , there exists no reflection due to the load discontinuity. Note, a traveling wave (consider a step pulse) can be considered to include all the frequency components from dc to very high frequency. Most of the low frequency components will be reflected at the capacitive load (CMOS gate) since the magnitude of load reflection coefficient for the low frequency components is approximately one. Thus, the low-frequency spectral components which contain the major part of the signal energy may experience a fast-transient discontinuity due to the reflection in the time interval between 
III. GENERALIZATION OF THE TWA TECHNIQUE FOR MULTICOUPLED TRANSMISSION LINE SYSTEM
The n-coupled transmission line system can be modeled as a matrix form of Telegrapher equations [8] - [17] . In the frequency-domain, the Telegrapher equations are per-unit-length (PUL) transmission line circuit parameter matrices, i.e., PUL-resistance matrix, PUL-inductance matrix, PUL-conductance matrix, and PUL-capacitance matrix. Note that all these matrices are symmetric. As shown in (9) and (10), the response signals in a multicoupled line system are entangled in a complicated fashion with the coupling signals due to the interactions between the lines. Thus, it is too difficult to directly investigate the signal variations.
It is well known that n-coupled transmission lines can be decoupled into n-isolated lines by using the modal analysis technique [8] - [11] , [31] . for a physically meaningful system is always diagonalizable [3] , the eigenvalues and eigenmatrix can be readily determined by performing a similarity transform. Once they are determined, the frequency domain response function for each mode can be estimated by using a three-pole approximation technique. Then by separating the frequency domain approximation function of each mode into the partial fractional form, the time domain counter part of the frequency domain approximation function can be determined without any integral calculation. However, the time domain counterpart is not the complete waveform since the high-frequency characteristics are not considered yet. Thus, in next step, the fast-transient high-frequency characteristics are considered in the time domain by using the traveling wave-characteristics and a modified RC-approximation technique. Then, the final time-domain waveforms can be determined by the linear combination of each mode.
In order to decouple the voltage signal variations of the multicoupled lines into the isolated modal basis vectors of the system, the system is represented only with the voltage vector by combining (9) and (10)
Then, the eigenvalue equation of the system can be obtained. If the system is composed of n-coupled lines, the system matrix is n 2 n matrix. Thus, the system has n-eigenvalues and n 2 n eigenmatrix. The eigenvalues, i.e., The modal transmission line parameters of the system are calculated as [35] [
Thus, the voltage equation can be decoupled with the modal basis (i.e., eigenvectors) of the system
where [E (x)] = diag e 0r x is an n 2 n diagonal eigenmode matrix. The constant vectors (i.e., [B1] and [B2]) can be completely determined with the boundary conditions. Note that physically the first term of the right-hand side of (19) is concerned with the incident waves and the second term on the right-hand side of (19) is concerned with the reflected waves. Now, since the voltage vectors are decomposed with the modal basis vectors, each line voltage variation can be determined by applying the TWA technique for all the modal basis vector components as in the single line. In the next section, it will be shown with several practical examples that the generalized TWA technique can be very efficiently exploited in the multicoupled transmission line system.
IV. VERIFICATION OF THE GENERALIZED TWA TECHNIQUE
Let us consider a simple symmetrical two-coupled line system as shown in Fig. 2 . The source resistances are assumed to be 50 (i.e., R s1 = R s2 = 50 ) and the load capacitances are assumed to be 0.1 pF (i.e., C L1 = C L2 = 0:1 pF). It is assumed that a 3.3-V step input is applied to the line-1 while no signal is applied to the line-2. Then incident wave vector of the system can be represented with the basis vectors by combining (19) with the boundary conditions W1 (s; x) = 1 2 e 0 x + e 0 x Note, the dielectric loss term is neglected. The modal transmission line parameters of the system are calculated by using (15)- (18) [ The modal transmission line parameters corresponding to the first eigenmode are the first diagonal parameters. Similarly, the modal transmission line parameters corresponding to the second eigenmode are the second diagonal parameters. Once the incident waves are completely decoupled into the independent eigenmodes, the TWA technique can be directly employed for each eigenmode. That is, each eigenmode response is approximately represented with three-dominant poles as in (4) and (5) in the frequency domain. Then, the time-domain signal transients are calculated by linear combination of each TWA-based eigenmode response. Note, the signal transient responses in the quiet line (i.e., the responses in the line-2 for the two-coupled lines) are the crosstalk signals. The TWA-based waveforms for the above two coupled lines are compared with SPICE simulation results (using large computationally inefficient arrays of small discrete RLC elements) in Fig. 3 . They show excellent agreement in signal waveform and crosstalk noise with SPICE simulations. As was expected, not only does the baseline RC-model inaccurately estimate the signal delay but it underestimates the crosstalk. Thus, in ensuing examples, the RC model is not presented.
In the multicoupled lines, the signal transients are strongly dependent on the input-switching patterns [4] . The input switching patterns for three-coupled lines can be categorized with four typical switching cases as shown in Table I . The signal delay in the center line for the input switching pattern of "0 " 0" (i.e., the center line switches from logic 0 to logic 1 but two outer lines are in a quiet state) is commonly tested for timing verification. However, since signal delay is strongly correlated with input switching patterns, two other switching cases (i.e., "#"#" and """"") have to be investigated for more complete signal timing verification. The worst case signal delay in the center line is for the input switching pattern of "#"#" (i.e., the center line switches from logic 0 to logic 1 but two outer lines switch from logic 1 to logic 0). This case presents the slowest signal propagation in the center line. This simulation demonstrates that the coupling capacitances have significant effects on the signal propagation in the center line. In contrast, the signal delay in the center line for the input switching pattern of """"" (i.e., all the lines switch from logic 0 to logic 1) is the best case delay which means the fastest signal propagation in the center line. In this switching case, the coupling capacitances have no effect on the signal propagation in the center line. Further, since the signals are electromagnetically coupled, an active line may have a substantial effect on an inactive line (i.e., quiet lines). In the first switching case (i.e., "0 " 0"), the center line (i.e., active line) induces a coupled signal in the two outer lines (i.e., crosstalk). However, the worst case crosstalk (i.e., the largest crosstalk in the three-coupled line system) occurs in the center line when the input has the switching pattern of "" 0 "" (i.e., two outer lines switch from logic 0 to logic 1 but the center line is in the inactive state). Note, the signal transient characteristics of other possible switching cases are within the boundaries of those of the above switching patterns. The aforementioned signal transient characteristics for a three-coupled line system can be efficiently investigated with the generalized TWA technique. The transmission line parameters of Fig. 4 (note, its cross-sectional structure is the same as Fig. 2(b) Note, " 0 " indicates no switching, """ indicates a switching from logic 0 to logic 1, and "#" indicates a switching from logic 1 to logic 0. With the same procedures as in the previous two-coupled lines example, the TWA-based approximated transient waveforms for the three-coupled line system can be determined. All the source resistances are assumed to be 50 (i.e., R s1 = R s2 = R s3 = 50 ) and all the load capacitances are assumed to be 0.1 pF (i.e., C L1 = C L2 = C L3 = 0:1 pF). The TWA-based waveforms and SPICE simulations are compared in Fig. 5 for various switching cases. It is noteworthy that the input-signal switching patterns have substantial effect on both the signal delay and crosstalk. Further, unlike the signal transient characteristics of the single line or RC-modeled lines, those of the inductance-dominant coupled lines are shown to be more complicated nonmonotonic waveshapes contaminated with spurious glitches or spikes. Nevertheless, the generalized TWA-based technique can very efficiently as well as accurately estimate the waveshapes. The signal transients that vary with different source resistances and load capacitances are examined at both near end and far end. As shown in Fig. 6 , the TWA-based waveforms show excellent agreement with SPICE simulations. As shown in three-coupled lines, the inductive coupling effect and switching-pattern dependency are too significant to be neglected. What is worse, unlike the capacitive coupling effect, the inductive coupling effect cannot be shielded with adjacent lines and may have a considerable effect on far-apart lines. Thus, the inductive coupling effects and switching-pattern dependency may render more complicated response waveforms in multicoupled lines with more than three-coupled lines. In order to investigate the effects in more than three-coupled lines, a five-coupled line system as shown in Fig. 7 is studied. The representative switching patterns for five-coupled lines can be categorized as in three-coupled lines. They are summarized in Table II . The transmission line parameters for the five-coupled lines of Fig. 7 (note, its cross-sectional structure is the same as Fig. 2(b) except for five-coupled signal lines) are determined by using a commercial field solver [36] [R] =diag (68:966) In Fig. 7 , all the source resistances are assumed to be 50 (i.e., R s1 = Rs2 = Rs3 = Rs4 = Rs5 = 50 ) and all the load capacitances are assumed to be 0.1 pF (i.e., C L1 = C L2 = C L3 = C L4 = C L5 = 0:1 pF). The generalized TWA-based waveforms for the five-coupled line system are compared with SPICE simulation in Fig. 8 . Except for the input switching patterns of """"""" and "00 " 00 ", the signal transients in the center line for the cross-coupled switching cases show large distortions due to inductive effect. Further, it was shown in Fig. 9 that the signal distortions (spurious glitches) and crosstalk due to the inductive effects in the five-coupled line system are more prominent and produce more complicated waveshapes than those of the three-coupled line system. Thus, in high-speed VLSI circuit designs, the inductive effects cannot be neglected in the future. Further, since switching patterns have a substantial effect on the signal transient characteristics, they have to be taken into account for the signal integrity verification of the VLSI circuit designs. The generalized TWA-based technique provides an excellent waveshape replica of SPICE simulations even in the multicoupled lines more than three-coupled lines. The numerical data for various cases are summarized in Tables III and IV. V. CONCLUSION A generalized TWA technique is developed which can be very accurately as well as efficiently employed for a transient signal usefully employed in the signal integrity verification of high-speed/ high-density VLSI circuit designs.
I. INTRODUCTION
Electrostatic discharge (ESD) is an event that transfers a finite amount of charge between two objects at different potentials [1] . A frequently occurred ESD event is the human body model (HBM), where the two different objects involved are charged human body and microchip. To prevent microchips from being damaged by the ESD event, ESD protection circuits (i.e., supply clamps) have frequently been used. A typical ESD protection circuit consists of a capacitor, a resistor, and an n-channel MOSFET [2] , as shown in Fig. 1 . When the microchip (i.e., circuit core) being protected is subjected to an ESD stress, the ESD pulse will be fed simultaneously to the external capacitor C and drain terminal of the MOSFET in the ESD protection circuit. Such a pulse, which has a very high voltage (a few hundred to couple of thousand volts), will give rise to a voltage drop in the external resistor R and therefore will turn on the MOSFET within a very short period of time. On the other hand, the ESD pulse applied to the drain terminal will result in a large electric field in the reverse biased drain junction region. This electric field can cause significant impact ionization and give rise to a substantial flow of impact generated holes (i.e., substrate current I sub ), traveling from the channel region near the drain junction to the body terminal via the substrate region of MOSFET. When the voltage drop in the substrate region, which is the product of I sub and the substrate resistance R sub , is beyond 0.7 V, the emitter-base junction of the parasitic bipolar transistor (BJT) in the MOSFET is turned on and the MOSFET operates in the so-called snapback region. The equivalent circuit of the MOSFET in snapback operation is shown in Fig. 2 , which consists of the normal MOSFET, parasitic BJT, R sub , and source of impact-generated hole current I gen . The total current passing through the drain terminal is IDT , which includes I gen , the drain current I ds , and the collector current I C of the parasitic BJT.
Substrate resistance R sub plays an important role in determining the turn-on mechanism of the parasitic BJT. This resistance is influenced
